Abstract-
The growth optimization of these materials in a single deposition system is desirable due to the variety of properties that can be achieved and the potential heterostructure devices that can be imagined. Among these possibilities are strain enhanced sensors and MEMS, high K dielectrics, tunable dielectrics, superlattices, thin film batteries, memtransistors, multi-layer neuromorphic heterostructures, and ferroelectric switching transistors with switchable enhanced channel conductance [25, 26] .
Despite the potential for new and enhanced functional devices and materials, this Li-Nb-O multifunctional material family remains relatively unexplored. A many-phased oxide system inherently contains significant complexity. The phase diagram of the Li2O-Nb2O5 system is complicated by multiple phases existing in a very small range of temperature and stoichiometry [27] . Due to these tight tolerances, precise control and understanding of all parameters is necessary for controllable growth of heterostructures and single phase materials. Molecular Beam Epitaxy (MBE) is an excellent platform for high stoichiometry control and crystalline quality, and therefore a good candidate for controlled growth of these materials [25] . The MBE growth of Li-Nb-O materials using NbCl5 as a high vapor pressure niobium precursor has been previously described by a lithium controlled niobium incorporation rate method [28] . Briefly, NbCl5 can be reduced to elemental niobium in the presence of lithium and a hot substrate where lithium getters the chlorine. LiCl desorbs due to its high vapor pressure leaving elemental niobium to react with oxygen and excess lithium.
In the same work a method of single parameter phase control in the Li-Nb-O system is described where the lithium supply is limited while niobium and oxygen are supplied in excess.
The lithium flux directly controls the amount of adsorbed niobium so that adjusting the Li flux modifies niobium to oxygen ratio, and therefore the oxidation state, with respect to the constant O2. This study was performed at a single substrate temperature, 900℃, and in practice often produces multiple phases laterally across a film due to temperature gradients across the surface at high temperature growths. In this work it is shown substrate temperature plays a role in the preferential nucleation of various phases in the Li-Nb-O family, and that by combining this new understanding with the above lithium controlled niobium incorporation rate method single phase films spanning the entire phase space can be epitaxially grown. 
EXPERIMENT

Growth System Modifications
The materials in this work are grown in a Varian Gen-II style MBE system which has been customized for the growth of lithium niobium oxides using a lithium assisted metal-halide growth chemistry discussed in detail by
Henderson et. al [28] . The method involves the sublimation of NbCl5 from a custom water and filament heated nearambient cell, described elsewhere, allowing controllable evaporation of high vapor pressure materials (typical bulk operating temperatures are 35 -50°C) [29] .
A modified Veeco corrosive series antimony cracker with a custom solid tantalum crucible is used to supply lithium to the system where it getters chlorine from NbCl5 and HCl.
Excess lithium may be incorporated into the film, and along with the niobium in the presence of oxygen can form a variety of phases in the lithium-niobium-oxygen phase system such as LiNbO2, LiNbO3, Li3NbO4, and LiNb3O8.
The phase which is grown depends on the Li:NbCl5 flux ratio, the supplied oxygen, and the substrate temperature as will be shown in this work.
A custom Vesco-NM substrate heater is used to allow growth at high temperatures in a corrosive oxygen and chlorine environment. The heater consists of a thick tantalum filament fully encased in PBN, which can be heated to 1000°C in an oxygen background of 5 × 10 -5 torr.
Substrate Preparation
All films in this work are grown on c-plane (006) oriented sapphire substrates. The substrates are cleaned by acetone, methanol, and isopropyl alcohol followed by 4:1 H2SO4:H2O2 at 120℃ before loading and degassing in a separate chamber, being careful during loading to minimize sample contact with the surrounding metal substrate holder which will conduct thermal energy away from the sample creating thermal non-uniformity. In this work film transparency, the existence of double or half x-ray reflections, and asymmetric diffraction scans are analyzed together to definitively identify material phases [30] . The surface morphology of the films was characterized by a Veeco atomic force microscopy (AFM) system.
Characterization
RESULTS AND DISCUSSION
Growth Parameters
Previous work in Li-NbCl5-O2 growth chemistry indicated that phase control was best mediated by a lithium controlled niobium incorporation rate approach. Because the niobium supply is controlled by lithium, the niobium to oxygen ratio can be adjusted by varying a single parameter, Table 1 were applied to the Li-limited growth technique, increasing ϕ for materials of lower oxidation state and decreasing it for higher oxidation state, to achieve single phase films of different phases. Figure 5 shows symmetric xray diffractograms of phases grown using this combined method.
LiNbO2, NbO, Li3NbO4, LiNbO3, LiNb3O8 and NbO2 are all grown single phase as evidenced by XRD. All of the films shown in Figure 5 are grown on c-plane sapphire by adjusting the Li:NbCl5 flux ratio while growing in the optimal temperature regime defined in Table 1 . 
Phase Diagram Analysis
Using the understanding outlined in section 3.1 and empirical results which followed this understanding a system using MBE at high temperature on c-plane sapphire. 
